Conditions for transcription and nucleosome assembly of plasmids bearing Xenopus 5S RNA genes have been monitored in the whole oocyte S-150 extract (1). We find that the optimal conditions for transcription differ substantially from optimal conditions for nucleosome assembly. DNA molecules bearing as few as 50% of the native density of nucleosomes are transcriptionally inert. Although the 5S gene-specific transcription factor TFIIIA is in excess in this extract, these nucleosome reconstitutes do not exhibit TFIIIA-like DNase footprints nor do these reconstitutes bind exogenous TFIIIA. We have also examined the nucleotide requirement for DNA supercoiling and for generation of 5S gene transcription complexes. Supercoiling associated with nucleosome assembly does not require ATP; however, nucleotide hydrolysis is required for establishment of active complexes. Phosphorylation of a 200 kdalton protein occurs in a 5S DNA-dependent manner concurrent with the generation of primed transcription complexes. Results of nondenaturing gel electrophoresis coupled with a second dimension of SDS gel electrophoresis suggest that the 200 kD protein may be a component of the 5S RNA gene transcription complex.
INTRODUCTION
Transcription of the 5S RNA genes of the frog Xenopus has been a subject of intensive study over the past decade (for reviews, see refs. 2,3). Transcription in vitro requires at least three transacting protein factors in addition to RNA polymerase III (4, 5) . One of these protein factors, transcription factor III A (TFIIIA), has been purified to homogeneity and has been shown to bind the internal control region of the gene (6, 7) . This protein has been studied extensively with respect to both gene (8, 9) and protein structure (10, 11) . The two other protein fractions required for transcription, TFIIIB and TFIIIC, interact with the 5S gene-TFIIIA complex to form a stable transcription complex (5, 12) . This complex persists through many cycles of transcription and is thought to be a major determinant of the developmental regulation of the 5S gene families (3) . As genes in the eukaryotic cell nucleus exist as chromatin rather than protein-free DNA, several laboratories have begun to study the influence of nucleosome structure on the transcriptional activity of the 5S RNA genes (1, (13) (14) (15) (16) (17) (18) and the effect of nucleosome reconstitution on TFIIIA binding (19, 20) .
In studies with whole oocyte S-150 extracts reported by Worcel and his colleagues (1, 17, 18) , a correlation between DNA supercoiling or gyration and 5S gene transcriptional activity was noted, although other studies have called these results into question (21, 22 , this study). Wolffe et al. (21) have argued that 5S transcription can be obtained in vitro with nuclear extracts which do not supercoil DNA and with short linear templates. Nonetheless, it seemed pertinent to examine in detail the relationship between chromatin to 5 mM, and the samples were digested with DNase I at 0.2 to 0.5 /ig/ml for deproteinized DNA or TFITIA-DNA complexes or with 2 to 5 /tg/ml for S-150 samples. Incubations were for 30 sec to 5 min at 22°C. Reactions were stopped by the addition of SDS to 0.5% and EDTA to 50mM and DNA was purified from these digests with proteinase K (200 /ig/ml for 1 h at 37°C) and phenol extractions. This DNA was sequentially cleaved with Hind III and Taq I. The latter enzyme cleaves the linear Hind III fragment 25 bp from the left hand 32 P-labeled Hind HI end, thus leaving the remaining molecule with a unique end label on the coding strand, 160 bp from the 3' end of the 5S gene. The resulting DNA was phenol extracted, ethanol precipitated, dissolved in formamide, heated to 95°C for 2 to 5 min, and analyzed by gel electrophoresis under denaturing conditions (50%, w/v, urea) on thin sequencing gels. Autoradio-graphic exposures were obtained with Kodak XAR film at -70°C with Cronex intensifying screens. Samples with comparable extents of digestion are shown in Figure 4 . Labeling of oocyte proteins and analysis 30 nl aliquots of S-150 extract were incubated with or without added DNA (500 ng) with 6 mM MgCl 2 , 1 mM ATP and 10 /*Ci of 7 32 P-ATP (3000 Ci/mmole, NEN). After 3h at 22 °C, the samples were chromatographed directly on 1 ml columns of Sepharose 6B-CL equilibrated in 60 mM KC1, 20 mM Hepes, pH 7.5, 5 mM MgCl 2 , 10% glycerol. Columns were packed in 1 ml disposable syringes plugged with siliconized glass wool and run by gravity flow. One ml fractions were collected and to the void fractions containing DNA and associated proteins trichloroacetic acid was added to 25 % (w/v) by the addition of 0.33 ml of 100% (w/v) TCA. After 1 h on ice, precipitates were collected by centrifugation at 12,000g for 15 min and washed extensively with ethanol to remove TCA. Samples were dissolved in SDS sample buffer, boiled and subjected to SDS-polyacrylamide gel electrophoresis. Autoradiographic exposures were made with Kodak XAR-5 film at -70°. Nondenaturing gel electrophoresis A 248 bp fragment containing the X.borealis somatic-type 5S gene was obtained by digestion of plasmid pXplO (25) with Bam HI. An aliquot of this DNA was dephoshorylated and labeled with polynucleotide kinase and 7 32 P-ATP. 0.5 ng of Bam HI-digested plasmid DNA (vector plus insert) with or without an aliquot of the labeled fragment was incubated with 30 fil of S-150 as described above. Glycerol was added to the sample to a final concentration of 10% (v/v) and the sample was subjected to electrophoresis in a 5% (29:1 acrylamide to bisacrylamide) gel containing 44 mM Tris-borate, pH 8.3. The gel was preelectrophoresed for 1 h prior to electrophoresis at 135 V for 3.5 h. The gel measured 0.75 mm by 20 cm. Western blotting and probing with anti-TFIIIA polyclonal serum (described in detail by Blanco et al., submitted) was performed using standard procedures. TFIHA was isolated as described above and was subjected to SDS gel electrophoresis and the gel slice containing TFULA was crushed and used for rabbit immunization. The antiserum was used at a dilution of 1:500 with filters blocked with nonfat dry milk. Positive antibody reaction was detected with the Promega Protoblot system (alkaline phosphatase conjugated goat anti-rabbit antibody). For second dimension SDS gels, a gel slice containing 32 Plabeled proteins (see above) was excised from the nondenaturing gel (after a brief autoradiographic exposure) and equilibrated for 30 min at 20°C in a buffer containing 0.125 M Tris, pH 6.8, 0.1 % SDS, 10 mM 2-mercaptoethanol and 10% glycerol. The gel slice was placed between glass plates directly above the stacking gel of a 12% SDS gel. Autoradiographic exposures were obtained with XAR5 film at -70°C. Figure 1 . Topology of the input DNA influences transcriptionai activity. Plasmid DNA was either linearized with Pst I or relaxed with DNA topoisomerase I. DNA purified after these incubations was tested for transcriptionai activity with the preuicubation times indicated in the figure. 500 ng of the indicated DNA was prcincubated in 30 iti aliquots of S-150 containing 6 mM MgCl 2 and 3 mM ATP. After the indicated times, the remaining unlabeled and labeled nucleoside triphosphates were added and transcription was allowed to proceed for 2h prior to isolation of RNA and analysis by denaturing polyacrylamide gel electrophoresis. The autoradiogram is shown.
RESULTS

Transcriptionai activity of the oocyte S-150
The transcriptionai activity of the Xenopus somatic-type 5S gene contained in plasmid pXlsl 1 has been monitored with a variety of extracts prepared from immature oocytes, mature oocytes, oocyte nuclei, unfertilized eggs and developing embryos (23) (24) (25) (26) (27) . Using our standard conditions of 100 ng of gene-containing plasmid and supplementing the reaction with vector DNA to the DNA optimum determined for the individual extract (generally 500-600 ng), we find a maximal rate of synthesis of 7.5 transcripts per gene per hour (TGH) for the oocyte S-150 (1) and 15 TGH for the oocyte nuclear extract (25) . Reducing the quantity of gene containing plasmid while maintaining the total DNA concentration at the optimum determined for the extract has the effect of increasing the number of transcripts per gene ('rate enhancement', 25). For the oocyte S-150 we have achieved a rate of approximately 50 to 75 TGH at 5 ng of gene plasmid in a 50 y\ reaction. This value is about one-third of the level of transcription observed in vivo in microinjected oocytes (28) . However, most oocyte S-150 extracts we have prepared yield approximately 1 to 2 TGH under our standard conditions. This variability in transcription rates observed with different extracts is due in part to the concentration of immature oocyte-type TFIIIA in extracts prepared from different individual frogs (27) . We have monitored the kinetics of transcription in different S-150 extracts and find quite different results with different extracts. Those extracts which yield high rates of transcription (7.5 TGH) exhibit a 20-30 min lag before attaining maximal rates of synthesis; the reaction is then linear for at least 4 h. This lag has been interpreted as the time required for the assembly of active transcription complexes (5, 30) . Similar results have been reported for the oocyte nuclear extract (25, 26, 29 ) and the HeLa S-100 (5, 30, 31) . Most S-150 extracts we have examined, however, exhibit rather unusual preincubation kinetics. In the experiment of Figure 1 , we monitored the transcription of somatic-type 5S DNA after various times of pre-incubation in the S-150 in the presence of 6 mM MgCl 2 and 1 mM ATP. Transcription was initiated by the addition of the other unlabeled and labeled nucleoside triphosphates. After an additional 2 h incubation, RNA was isolated and analyzed by gel electrophoresis. Figure 1 shows preincubation experiments for input DNAs linearized by the action of the restriction enzyme PstI, DNA relaxed by the action of DNA topoisomerase I and supercoiled DNA (at bacterial superhelix density). Linear DNA is a poor substrate for 5S transcription in the S-150 extract yielding only 2-5% of the transcripts obtained with circular DNAs; this contrasts with high level transcription of linear DNA obtained with the oocyte nuclear extract (25) and the HeLa S-100 (31). Relaxed and supercoiJed DNA are equally active, but relaxed DNA requires a shorter preincubation time to attain maximal transcription rates (1.5 to 2.5 h versus 3.5 h for supercoiled DNA). Curiously, both templates lose activity on long times of incubation in the S-150 prior to initiation of transcription. We do not know the reason for the difference in optimum preincubation times for relaxed and supercoiled input DNAs. We wondered whether the preincubation time optima could represent changes in the topological state of the DNA template brought about by topoisomerases or chromatin assembly in the S-150 (1). To examine the effect of preincubation in the S-150 on DNA topology, we analyzed the 5S gene-containing plasmid by agarose gel electrophoresis and Southern blotting (Figure 2A ). Ideally, we wish to detect only those 5S DNA molecules which serve as a template for transcription. In order to achieve this, we decreased the amount of 5S plasmid DNA to 5 ng per reaction and maintained the total DNA concentration at 500 ng with vector pUC19 DNA. 500 ng per 50 /J reaction is the DNA optimum for transcription determined for the extract used in this experiment (data not shown). These conditions give maximal rates of 5S synthesis on a per gene basis (50 TGH) and thus maximal amounts of the input DNA serve as templates for transcription (25) . From the present data, however, it is not possible to directly assess the fraction of active molecules. Nonetheless, all molecules are bound by TFTHA under these conditions (23) (24) and are assembled in large protein-DNA complexes (see below). The 5S gene plasmid is detected by Southern blot hybridization of the agarose gel using a 5S gene-specific hybridization probe. Panel A shows the distribution of 5S gene plasmid DNA in the agarose gel after different times of preincubation. In agreement with previous studies, the DNA is initially relaxed in a rapid reaction and then acquires supercoils in a time dependant fashion (32,1). We find, however, that changes in DNA topology as a function of preincubation time do not correlate with changes in transcriptional activity monitored in a subsequent 2h incubation (compare panels A and B). In the experiment depicted in Figure 2B , plasmid DNA containing the somatic-type 5S RNA gene was preincubated for the indicated times with the S-150 extract along with 6 mM MgCl 2 and, in duplicate reactions with 3 mM ATP, and transcription was initiated by the addition of the other unlabeled nucleoside triphosphates and labeled GTP. An optimal preincubation time of approximately 1 to 2 hours was observed with or without added ATP in this experiment. The exact preincubation time required for optimal levels of transcription has been found to vary between different extracts (compare Figs. 1 and 2B ). Longer times of preincubation resulted in largely inactive templates (see below). Similar results have been obtained with other genes transcribed by RNA polymerase III, including the oocyte-type 5S gene, a Xenopus tRNA met gene and the Xenopus OAX repetitive element (data not shown). This phenomenon, therefore, is not restricted to the somatic 5S gene.
The reintroduction of supercoils correlates with the inactivation of transcription seen on long times of preincubation (3 to 4h, lanes 11 to 14). It is noteworthy that the DNA template incubated in the S-150 for 15 min in the absence of all four nucleoside triphosphates is vastly less active in transcription than the same sample without preincubation (compare lanes 1 and 3 of panel B). At present we do not have an explanation for this phenomenon. We do not observe any pronounced effect of added ATP on supercoiling and only a small stimulation of transcription with added ATP in this experiment (but see below). To directly assess the role of ATP in the introduction of supercoils, we depleted the S-150 of endogenous ATP by the action of hexokinase (0.1 unit per 30 /il reaction) and dextrose (3 mM) for 40 min prior to addition of DNA. In parallel reactions ATP was added back to 3 mM and the time course of supercoiling was monitored. We found no effect of ATP depletion on either the extent of introduction of supercoils or the time required to introduce supercoils (data not shown).
We also find that supercoiling and transcription have different DNA optima, with the optimum for maximal supercoiling at a far lower input of DNA than for transcription (approximately 100 ng per 30 /il of S-150). Figure 3 shows the result of a comparable experiment to that depicted in Figure 2 but at the lower DNA input (100 ng of total DNA and 5 ng of gene containing plasmid). Under these conditions, a greater extent of supercoiling is attained. We interpret the introduction of supercoils as a measure of chromatin assembly (32) (33) . From comparisons of micrococcal nuclease digestion profiles, EM visualization, and changes in supercoiling, it has been established that assembly of one nucleosome on a DNA plasmid results in the reduction of the linking number of the plasmid by a value of 1 (upon the action of DNA topoisomerases) (33) . It is likely that 500 ng of DNA far exceeds the available histone pool in 30 pi of S-150. With 100 ng of total DNA in 30 /il of S-150 extract, the DNA attains an average linking number which represents 50-75% of the bacterial superhelical density (data not shown). This corresponds to an average nucleosome density of 50-75% that of cellular chromatin (33) . After the indicated preincubation times, the additional unlabeled and labeled nucleoside triphosphates were added and the products of transcription were analyzed after an additional 2 h incubation ( Figure 3, panel B) . For comparison, panel C shows the products of transcription obtained with the same extract for comparable incubation times entirely under transcription conditions (yielding 50 TGH, but with labeled GTP for only the last 2 h of incubation). Clearly, conditions for chromatin assembly do not support active 5S transcription. Transcription conditions produce 10 to 20 fold more 5S RNA transcripts per unit time than optimal supercoiling conditions. At low levels of transcription we often note shorter than full length 5S RNA transcripts (Fig. 3B, lanes 1-2) .
We have employed DNase footprinting in order to monitor the binding of TFULA to the 5S gene internal control region during incubation in the S-150. We previously showed that under transcription conditions I'MUA binding could be detected on both linear and circular DNA molecules incubated in the S-150 (23, 24) . Figure 4 shows the results of footprint analysis on an internally labeled 883 bp circular DNA bearing the somatic-type 5S gene. This DNA was used rather than linear restriction fragments since linear DNA is a poor template for transcription in the S-150 (Fig. 1) . Further, the 883 bp circle has the same transcriptional properties as plasmid DNA harboring this 883 bp insert. The expected TFIIIA footprint is observed with pure DNA and protein (lane 3); however, no TFIIIA footprint is observed on this DNA after a 3 h incubation in the S-150 under conditions determined for maximal supercoiling (Figure 3 ). The pattern of DNase cleavages observed under these conditions (lane 4) is reminiscent of nucleosome reconstitutes formed with purified histones on this DNA (20) . The regular repeating pattern of DNase-cleaved and protected regions with a periodicity of multiples of 10 nucleotides is diagnostic of a positioned nucleosome. However, the relative intensities of nucleosome-specific and naked DNA-like cleavages suggest that a significant fraction (perhaps 20%) of the molecules lack positioned nucleosomes. We also wished to determine whether TFIIIA could bind to this DNA after incubation in the S-150. To this end, we added a large excess of purified TFITIA prior to DNase digestion. Even at a 100 fold excess of TFIIIA over DNA binding sites, no characteristic TFIIIA footprint was observed. This suggests that TFIIIA cannot bind the chromatin reconstitutes formed in the S-150. This result is in agreement with results obtained with reconstitutes formed with purified histones and restriction fragments from the X. laevis somatic-type gene (20) . TFIIIA binding has been noted, however, with reconstitutes formed on short restriction fragments of the X. borealis 5S gene (19) and on similarly sized restriction fragments containing the X. laevis 5S gene. In this situation, TFIIIA may partially displace the histones from the DNA and bind itself (19) .
Role of ATP in the generation of active templates
In the experiments described by Worcel and coworkers (1,17) ATP was found to be required for the generation of torsionally unconstrained supercoils and transcriptionally active 5S gene templates. In the experiment of Figure 2 we also monitored the effect of added ATP (3 mM) on both DNA topology and transcriptional activity. Although some stimulation of transcription is achieved with additional ATP, no pronounced effect on supercoiling is observed. This experiment, however, is complicated by the endogenous ATP found in the S-150 extract. We have found, however, that some S-150 extracts are absolutely dependent on the addition of exogenous ATP in a preincubation step for the generation of active templates ( Figure 5A ). Preincubation in the absence of ATP renders the template largely inactive (lane 4). The other ribonucleoside triphosphates will substitute for ATP, but the nonhydrolyzable ATP analogue AMP-PNP will not (lane 5). For those extracts which are not dependent on exogenous ATP during the preincubation step, we depleted the extract of endogenous ATP with hexokinase and glucose and then tested the effect of adding back ATP during the preincubation step. Figure 5B shows that depletion markedly reduces the level of transcription (compare lane 1 with lanes 2 and 3) and that ATP can reverse the effect of ATP depletion (lane 6). As before, AMP-PNP will not substitute for ATP in this experiment (lanes 4 and 5). Different results have been obtained with the HeLa S-100 extract (30, see discussion). We find that AMP-PNP is not inhibitory to polymerase III transcription in the presence of the other nucleotides; in fact, AMP-PNP can be utilized by eukaryotic RNA polymerase III for transcription (30) . We have not determined whether the S-150 possesses the enzymatic activities needed to generate ATP from the other ribonucleoside triphosphates. Deoxynucleotides do not substitute in the preincubation step for their ribonucleotide counterparts (not shown).
As it is conceivable that the ATP-dependant preincubation step could reflect some enzymatic reaction involving only the polymerase HI transcription factors or polymerase itself, we examined the requirement for DNA during the preincubation step. We find that DNA must indeed be present during this step and that extracts preincubated with ATP in the absence of DNA do not support high levels of transcription (data not shown).
Role of topoisomerases in the generation of active templates
The well characterized eukaryotic DNA topoisomerases I and II can be inhibited in vitro by the antitumor drugs camptothecin and VM-26, respectively (34, 35) . We have added these drugs to the S-150 either alone or in combination in sufficient quantity to inhibit their target enzymes. All detectable topoisomerase activity in the S-150 is inhibited by these drugs in combination (data not shown; 21). The effect of these drugs on 5S 5) . The reactions also contained 10 pCi of n P-ATP, 6mM MgCl 2 and lmM unlabeled ATP. MgCl2 was omitted from the reaction of lane 3 and unlabeled ATP was omitted from the reaction of lane 5. After incubation the samples were chromatographed on 1 ml columns of Sepharose 6B-CL. Void volume fractions (containing DNA) were collected and subjected to electrophoresis on SDS polyacrylamide gels. The gel was stained with coomassie blue to detect total protein and subjected to autoradiography. The autoradiogram is shown. M denotes positions of molecular weight markers. transcription in the S-150 was monitored in the same fashion as done previously for the HeLa S-100 (31). We find that neither drug alone nor the combination are inhibitory to 5S transcription in the S-150 (data not shown). Similar results have been obtained with the HeLa extract (31) and with Xenopus egg extracts (21) .
Phosphorylation of DNA binding proteins during preincubation in the S-150
As the requirement for ATP in the generation of active 5S gene templates could reflect protein phosphorylation, we examined the phosphorylation of S-150 proteins during preincubation in the S-150. Since the preincubation step requires 5S gene-containing plasmids, we looked for DNA-dependant phosphorylation. To accomplish this, we incubated equivalent 30 /xl aliquots of the S-150 with either no DNA, pUC19 vector DNA or pXlsl 1 5S DNA and labeled and unlabeled ATP. We next separated DNA bound proteins (and large protein complexes) from free proteins by chromatography on Sepharose 6B and analyzed the proteins in the DNA-containing fractions by SDS-gel electrophoresis and autoradiography ( Figure 6 ). We find that one high molecular weight protein species is 41.21 labeled with J2 P in a 5S DNA dependent preincubation (lane 4, arrow). The approximate molecular mass of this polypeptide is 200 kD. This protein is only weakly labeled in the absence of DNA (lane 1) or in the presence of pUC19 DNA (lane 2). Labeling of this protein also requires MgCl2 and unlabeled ATP (lanes 3 and 5). Phosphorylation of this protein is stimulated 3 to 5-fold by 5S gene plasmid DNA over pUC19 DNA or no DNA. A polypeptide of 22 kD is also phosphorylated to a greater extent in the presence of 5S DNA.
We employed the gel mobility shift assay (36, 37) to examine whether the 22 and 200 kD phosphoproteins bind to the 5S gene region of the plasmid. A restriction fragment of 248 bp bearing the somatic-type 5S gene and 49 bp of 5' and 69 bp of 3' flanking sequence was subjected to nondenaturing gel electrophoresis after incubation in the absence (Figure 7, panel A, lane 1) or presence of the S-150 (lane 2). The 5S gene fragment migrates as a large protein-DNA complex after incubation in the S-150. This complex has a much lower electrophoretic mobility than TFIIIA-DNA complexes (not shown, but see 10, 19) and presumably contains proteins in addition to TFIIIA. A western blot of an equivalent gel lane was probed with an antiserum to TFIIIA to monitor the distribution of this protein in the nondenaturing gel (panel B). Most of the TFIIIA is detected as 7S RNPs (TFIIIA-5S RNA complexes) while a significant fraction (about 15%) migrates at a position coincident with the 5S DNA restriction fragment. Phosphorylated proteins were examined by autoradiography of the nondenaturing gel after inclusion of Y 32 P-ATP along with the 5S DNA fragment and the S-150 in the preincubation (panel C). A diffuse doublet of radioactive material is observed, with the upper region of the doublet coincident with the position of the 5S DNA fragment. A second dimension of SDS gel electrophoresis followed by autoradiography displays the molecular weights of the 32 P-polypeptides in the first dimension nondenaturing gel (panel D). From this analysis the 22 kD phosphoprotein does not appear to be specifically associated with the 5S restriction fragment; this polypeptide migrates in the nondenaturing gel behind the 5S fragment. On the other hand, the 200 kD polypeptide is found in the region of the first dimension gel containing the 5S DNA fragment. A significant fraction of the 200 kD polypeptide migrates ahead of the 5S DNA suggesting that not all of this protein is complexed to the DNA. Nonetheless, these data suggest that at least a fraction of the 200 kD polypeptide is complexed with the 5S gene fragment and that this protein may be an important component of the transcription complex. Further study will be needed to provide evidence for or against the involvement of this protein in 5S gene transcription.
DISCUSSION
The results presented above show that the optimum conditions for DNA supercoiling in the S-150 differ dramatically from the optimum conditions for the generation of a transcriptionally competent 5S gene template. Numerous studies have shown that supercoiling in oocyte and egg extracts is a consequence of nucleosome assembly (1, 13, 32, 38) . In agreement, we find a nucleosome-like DNase I footprint on the 5S gene incubated in the S-150 under supercoiling conditions (Figure 4) . We find no evidence in the footprint for the association of TFIIIA with these DNA molecules; rather, the footprint resembles that of a positioned nucleosome reconstituted on the same X. laevis 5S gene with purified histones (20) . Careful inspection of the TFIIIA and nucleosome footprints on the 5S genes reveals common sites of close contact of the DNA with both TFIIIA and the nucleosomal histones suggesting that both proteins recognize and bind the same helical face of 5S DNA (19, 20) . This provides a molecular explanation for why a nucleosome excludes TFIIIA binding (Figure 4 and ref. 20) . In contrast to the results obtained under optimal supercoiling conditions, optimal transcription conditions in the S-150 lead to a TFIHA footprint on the same 5S gene (23, 24) and plasmid molecules bearing few nucleosomes as evidenced by a low superhelical density ( Figure 1A) .
Thus our present results are in agreement with previous studies for the 5S genes (13,14,21) and the adenovirus major late promoter (38) (39) (40) (41) . In the case of 5S genes, TFIIIA binding must precede nucleosome formation to yield an active template and nucleosome assembly precludes transcription factor binding. Similarly, transcription complexes must be formed on the major late promoter prior to nucleosome assembly for promoter activity. Plasmids containing two-thirds of the in vivo nucleosome density were found to be inactive in transcription when subsequently supplied with the necessary factors (39) . Workman and Roeder (38) demonstrated that the polymerase II transcription factor required to maintain promoter function during nucleosome assembly was the TATA box binding factor TFIID. Although nucleosomes may block the binding of activating factors, nucleosomes are not a barrier to polymerase passage (40) . Therefore, nucleosome positioning on promoter elements could provide a level of control of gene expression in addition to the availability of specific transacting factors.
In studies with partially purified transcription factors from HeLa cells, Roeder and his colleagues showed that the rate-limiting step in 5S transcription is the magnesium and ATPdependent association of TFIHB with the TFIHA-TFIIIC-DNA complex (5) . Further studies indicated that TFIHB binding could be in the absence of ATP and subsequent nucleotide interaction was required for the generation of a primed template (30) . Interestingly, any nucleoside triphosphate, including the nonhydrolyzable ATP analogue AMP-PNP, could satisfy the nucleotide requirement. Our results for the Xenopus S-150 differ in that AMP-PNP will not substitute for hydrolyzable nucleotides ( Figure 5) ; however, this nucleotide is not inhibitory to transcription. In fact, Bieker and Roeder have shown that human RNA polymerase HI can utilize AMP-PNP as the sole adenosine-containing ribonucleotide. Thus hydrolysis of the alpha-beta bond for RNA synthesis is not blocked by the nonhydrolyzable beta-gamma bond. Our results suggest that hydrolysis of a beta-gamma bond is required, however, for the generation of the active transcription complex, suggesting a difference between the Xenopus and HeLa systems.
Results with inhibitors of DNA topoisomerases I and II indicate that these enzymes are not involved in transcription complex formation. Similarly, DNA supercoiling does not appear to correlate with transcriptional activity as previously suggested (17) . Finally, we examined the phosphorylation of DNA binding proteins during the preincubation step in the S-150. Interestingly, we find that a 200 kD protein is phosphorylated in a 5S genespecific fashion. This protein is only weakly phosphorylated in the absence of 5S gene containing plasmids. The results of combined nondenaturing gel electrophoresis and second dimension SDS gel electrophoresis suggest that this protein might be a component of the transcription complex. That this protein might be a subunit of TFIIIC is suggested both by the high molecular weight of TFIIIC from yeast and mammalian sources (42) and the activation and phosphorylation of HeLa TFHIC upon adenovirus infection (43) ; however, further investigation will be needed to provide a direct correlation between this protein and 5S gene transcription. It is conceivable that the nucleotide requirement for the generation of transcription complexes may reflect DNA-dependant protein phosphorylation and specifically the phosphorylation of this 200 kD polypeptide.
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